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Abstract 

For  MEMS  devices  with  power  consumption  in  the  range  of  micro-watts,  thermal  energy  harvesting  becomes  a  viable  candidate  for  power  supply. 
This  paper  describes  a  multipurpose  platform  to  fabricate  thermoelectric  generators  in  a  combined  surface  and  bulk  micromachining  process.  The 
thermocouples  are  deposited  by  thin-film  processes  with  high  integration  density  on  the  wafer  surface.  To  provide  a  large  thermal  contact  area, 
the  heat  flow  path  is  perpendicular  to  the  chip  surface  (cross-plane)  and  guided  by  thermal  connectors.  One  thermocouple  junction  is  thermally 
connected  via  electroplated  metal  stripes  to  the  heat  source  and  thermally  insulated  to  the  heat  sink  by  a  cavity  in  the  wafer  substrate.  Simulations 
show  that  approximately  95%  of  the  entire  temperature  difference  over  the  device  is  located  between  the  two  thermocouple  junctions.  Power  factors 
of  3.63  x  1(T3  pW mm-2  K-2  and  8.14  x  10  3  p/W  mm  2  K  2  can  be  achieved  with  thermopiles  made  of  A1  and  n-poly-Si  or  p-Bio.sSbi  and 
n-Bio.87Sbo.13,  respectively.  Measurements  of  fabricated  devices  show  a  linear  output  voltage  of  76.08  pVK-1  per  thermocouple  and  prove  the 
feasibility  of  the  concept. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

In  thermoelectric  generators,  the  Seebeck  effect  is  used  for 
the  direct  conversion  of  a  temperature  difference  into  an  electric 
potential  between  a  material  pair  junction,  the  thermocouple. 
Already  in  1958  it  was  proposed  to  power  radio  receivers  in 
remote  areas  with  thermoelectric  generators  using  the  waste 
heat  of  a  petroleum  lamp  [1].  Also  deep  space  missions  like 
“Voyager”  are  supplied  with  electric  energy  from  radioisotope 
thermoelectric  generators  (RTGs)  [2].  More  recently,  micro- 
fabricated  thermoelectric  generators  (p-TEGs)  have  been  used 
to  power  wrist- watches  by  heat  released  from  the  human  body 
[3]. 

The  miniaturization  of  thermoelectric  devices  is  very  promis¬ 
ing  because  a  high  number  of  material  pairs  can  be  integrated 
into  a  small  device,  which  results  in  high  voltages  already  at 
small  temperature  differences.  One  approach  to  achieve  this 


*  Corresponding  author.  Tel.:  +49  761  203  7584;  fax:  +49  761  203  7492. 
E-mail  address :  huesgen@imtek.de  (T.  Huesgen). 

0924-4247/$  -  see  front  matter  ©  2007  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.sna.2007. 11.032 


integration  is  to  scale  down  “macroscopic”  Peltier  coolers.  Ver¬ 
tical  thermopiles,  fabricated  by  means  of  thick-film  technology, 
are  connected  electrically  in  series  and  sandwiched  thermally 
in  parallel  between  two  substrates.  An  example  is  generators 
and  Peltier  coolers  on  the  base  of  BiTe  alloys,  which  are  com¬ 
mercially  available  in  microminiaturized  versions  [4].  In  the 
production  process  of  these  elements,  each  of  the  two  materials  is 
sputtered  in  20  pm  thick  layers  onto  a  silicon  wafer,  individually 
structured  by  reactive  ion  etching,  and  then  combined  by  bond¬ 
ing.  On  a  chip  size  of  1 . 1 2  mm2 , 1 2  thermocouples  are  integrated 
and  deliver  an  output  power  of  67  p  W  at  a  temperature  difference 
of  5  K.  A  similar  device  with  electrochemically  deposited  BiTe 
compounds  has  been  developed  by  the  Jet  Propulsion  Labora¬ 
tory  at  CalTec  [5].  At  the  ETH  Zurich,  flexible  polymer-based 
generators  with  thermocouples  made  of  electroplated  Cu  and  Ni 
or  BiTe-based  alloys  are  investigated  [6]. 

An  alternative  approach  to  miniaturize  thermoelectric  gen¬ 
erators  are  membrane-based  thin-film  thermopiles,  which  are 
widely  used  for  different  sensor  applications  such  as  the  mea¬ 
surement  of  IR  radiation,  vacuum,  gas  flow,  or  heat  flux  [7].  This 
technology  has  first  been  adapted  by  HSG-IMIT  and  Kundo  [8]. 
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Thermopiles,  made  of  n-doped  mono-Si  and  Al,  are  integrated 
into  a  Si  membrane.  However,  drawbacks  are  a  high  parasitic 
heat  flux  through  the  membrane  and  difficulties  in  applying  an 
in-plane  temperature  difference  to  the  chip-like  device.  Infineon 
has  developed  generators  with  thermocouples  made  of  poly- 
Si  or  poly-SiGe  in  BiCMOS  technology  [9].  These  generators 
have  in-plane  thermopiles  but  a  cross-plane  heat  flow,  to  allow 
thermal  contacting  via  the  large  top  and  bottom  footprint  areas 
of  the  device.  Therefore,  a  cavity  is  introduced  into  the  sub¬ 
strate.  Yet,  thermal  insulation  on  the  front  side  of  the  device 
seems  to  be  insufficient,  limiting  the  effective  temperature  dif¬ 
ference  between  the  thermocouple  junctions.  A  similar  device 
with  improved  thermal  insulation  was  recently  presented  in  [  10] . 

This  paper  describes  the  design  and  fabrication  of  a  ther¬ 
moelectric  generator  with  optimized  heat  flow  path,  so  that  a 
maximum  temperature  difference  is  located  between  the  thermo¬ 
couple  junctions.  The  meandering  thermocouples  (n-poly-Si/Al) 
are  located  on  a  Si  wafer  and  are  fabricated  in  thin-film  tech¬ 
nology  to  achieve  a  high  integration  density.  The  modular 
fabrication  process  also  offers  the  opportunity  to  employ  other 
materials,  such  as  BiTe  alloys,  or  self-organized  superlattice 
materials,  that  provide  superior  thermoelectric  properties  [11]. 
The  heat  flux  is  guided  perpendicular  to  the  substrate  plane  to  the 
planar  thermocouple  junctions  by  metal  stripes  with  high  ther¬ 
mal  conductivity.  Hence,  the  heat  flux  from  the  ambient  area  is 
introduced  vertically  over  the  footprint  area  of  the  chip,  guided 
through  the  thermocouples  in  a  planar  direction,  and  released 
vertically  over  the  footprint  area.  This  arrangement  guarantees 
a  maximum  thermal  coupling  of  the  generator  to  the  environment 
and  a  maximum  temperature  gradient  over  the  thermocouples. 
Due  to  direct  correlation  between  the  electrical  current  and  the 
heat  flux  across  the  device,  the  proposed  setup  can  also  be  used 
as  sensor  for  a  direct  measurement  of  heat  flux  or  a  temperature 
difference.  The  fabricated  devices  are  tested  and  compared  with 
simulation  results.  Experimental  thermoelectric  properties  and 
device  characteristics  are  compared  with  literature  data. 


2.  Fundamentals  of  thermoelectric  energy  conversion 


The  thermoelectric  effect  describes  the  coupling  between 
electric  and  thermal  currents,  such  as  the  occurrence  of  an  elec¬ 
tric  voltage  due  to  a  temperature  difference  between  two  material 
contacts,  the  Seebeck  effect.  In  reverse,  an  electrical  current  can 
produce  a  heat  flux  or  a  cooling  of  a  material  contact,  called 
Peltier  effect.  A  third  effect  is  also  connected  with  thermoelec¬ 
tricity,  the  Thomson  effect,  where  an  electric  current  flowing 
along  a  temperature  gradient  can  absorb  or  release  heat  from 
or  to  the  environment  [2].  The  relation  between  the  first  two 
mentioned  effects  can  be  described  by  methods  of  irreversible 
thermodynamics  and  the  linear  transport  theory  of  Onsager  in 
vector  form. 
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The  specific  electric  current  density  qQ\  and  the  thermal 
entropy  flux  q±/T  are  linked  to  the  driving  forces,  the  temper¬ 


ature  gradient  AL,  and  the  potential  gradient  A U  with  linear 
coefficients  Lq  for  the  heat  transfer,  Ls  for  the  Seebeck  effect,  and 
Lp  for  the  Peltier  effect.  The  derivation  of  the  coefficients  here 
follows  the  notation  of  Nolas  et  al.  [12],  another  good  description 
is  given  by  Kalitzin  [13]. 

Solving  the  first  equation  for  A  U  and  substituting  the  result 
into  the  following  equation  yields: 
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The  matrix  in  the  above  equation  is  symmetric  accord¬ 
ing  to  the  Onsager  reciprocity  law  [14]  which  means  Ls  =  Lp. 
The  linear  coefficients  can  be  identified  with  known  material 
properties 
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The  thermoelectric  temperature  measurement  employs  the 
Seebeck  effect,  the  voltage  between  two  material  pair  contacts 
on  a  different  temperature  level  without  the  flow  of  electrical 
current  (gel  =  0).  The  Seebeck  effect  is  also  described  with  the 
correlation 
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with  the  Seebeck  coefficient  a ab  with  unit  (V/K)  for  the  mate¬ 
rial  pair  a-b.  The  Seebeck  coefficient  depends  on  the  material 
pair  and  is  often  expressed  by  only  one  coefficient  a.  Certain 
applications,  such  as  temperature  measurement  or  energy  con¬ 
version,  demand  for  certain  material  properties  like  electric  or 
thermal  conductivity  or  temperature  linearity.  For  temperature 
measurement,  standardized  elements  and  material  pairs  are  used 
with  good  linearity  of  the  material  properties,  reproducibil¬ 
ity,  and  long-term  stability.  Thermoelectric  energy  conversion 
demands  for  high  efficiency  of  the  material  such  as  BiTe  alloys 
or  superlattice  structures  [11].  These  materials  are  designed 
for  low  thermal  conductivity  to  provide  a  high  temperature 
gradient  between  the  thermocouple  junctions.  The  material 
effectiveness  for  energy  conversion  is  expressed  by  the  figure-of- 
merit  Z 
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which  includes  the  electric  and  thermal  conductivity  of  the 
material,  p  and  X,  respectively.  The  conversion  efficiency  of 
a  thermocouple  is  not  only  depending  on  the  material  prop¬ 
erties,  but  also  on  the  geometric  cross-sectional  areas  of  the 
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Fig.  1.  Schematic  of  the  microstructured  thermoelectric  generator  with  opti¬ 
mized  heat  flow  path.  The  prototype  is  fabricated  with  thermopiles  made  of 
n-poly-Si  and  Al. 


Fig.  2.  Simplified  schematic  cross-section  of  the  device  indicating  the  key  geo¬ 
metric  parameters:  (a)  insulation  layer  thickness,  (b)  substrate  thickness,  (c) 
thermopile  length,  (Jn, p)  n-,  p-type  thermopile  thickness,  (e)  membrane  length, 
and  (f)  mask  opening  for  backside  DRIE.  Note  that  the  thermopile  thickness  can 
be  different  for  the  two  thermoelectric  materials. 


thermocouple  legs.  The  optimum  is  found  for  [12]: 


3.  Design  and  modeling 
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with  An  and  Ap  being  the  geometric  cross-section  of  the  n-type 
and  p-type  thermocouple  leg,  respectively. 

To  increase  the  thermoelectric  voltage,  thermocouples  are 
electrically  connected  in  series,  leading  to  a  meandering  struc¬ 
ture  between  the  hot  and  cold  side  of  the  device.  The  maximum 
electric  power  of  a  meandering  thermocouple  structure  with  n 
pairs  in  series  is  given  by 

n2a2AT2 


with  the  temperature  difference  AT  between  hot  and  cold  junc¬ 
tion  and  the  internal  electric  resistance  R;.  The  device  power 
factor  p  of  a  device  expresses  the  electric  energy  yield  for  a  cer¬ 
tain  temperature  difference  and  device  area  A,  where  the  heat  is 
absorbed. 
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This  value  is  used  to  compare  the  effectiveness  of  different 
devices. 


Due  to  the  combined  in-plane  and  cross-plane  structure  of  the 
device,  the  design  and  fabrication  are  segmented  into  three  mod¬ 
ules,  see  Fig.  1.  Module  A  concerns  the  thermoelectric  structure 
on  a  substrate,  basically,  a  rectangular  meander  made  of  the  ther¬ 
mocouple  materials  deposited  on  a  Si  wafer.  A  barrier  layer  of 
SiC>2  insulates  the  thermopiles  to  prevent  electrical  short-circuit 
by  the  thermal  contact  structure  fabricated  in  Module  B.  This 
concept  allows  to  employ  all  kinds  of  thermoelectric  materials 
that  can  be  deposited  on  a  Si  substrate.  For  a  functional  proto¬ 
type,  n-doped  poly-Si  and  Al  are  chosen  in  this  work,  due  to 
their  availability  in  the  in-house  clean-room  facilities.  Module 
B  describes  the  thermal  connectors  on  top  of  the  thermoelectric 
structure  to  conduct  the  heat  from  the  top  surface  to  the  hot  ther¬ 
mocouple  junction.  For  this  purpose,  metal  is  deposited  within 
trenches  formed  by  thermally  insulating  SU-8  photoresist.  The 
large  area  on  top  serves  as  thermal  contact  pad  for  the  device. 
In  Module  C,  the  hot  junction  is  thermally  insulated  from  the 
substrate  by  a  backside  DRIE  process  through  the  substrate, 
such  that  the  cold  junction  is  thermally  connected  with  the  bot¬ 
tom,  cold  side  of  the  generator.  A  second  wafer  is  bonded  to  the 
backside  to  realize  a  good  thermal  contact  and  to  avoid  cavity 
contamination. 

The  geometric  properties  are  determined  by  physical  and 
technological  constraints.  Therefore,  experimental  investiga¬ 
tions  and  theoretical  considerations  are  performed  to  find  the 


Table  1 

Thermoelectric  material  data  used  in  the  FEM  simulations 


Material 

Seebeck  coefficient  a  (|jiV  K  1 ) 

Electrical  resistance  p  m) 

Thermal  conductivity  k  (W m  1  K  ') 

Reference 

Aluminum 

-1.7 

0.043a 

237 

[15] 

n-poly-Si 

—  107.88a 

6.294a 

37.3 

[15] 

p-Bio.5Sb1.5Te3 

-100 

17.25 

1.05 

[7] 

n-Bio.87Sbo.13 

230 

7.15 

3.10 

[7] 

Data  obtained  by  measurements  performed  within  this  work. 
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Fig.  3.  Temperature  profile  over  the  fx-TEG  with  a  total  temperature  difference 
of  9  K,  resulting  in  8.43  K  between  the  thermocouple  junctions. 


key  geometric  parameters  of  the  generator  as  shown  in  Fig.  2. 
To  compensate  for  the  higher  thermal  and  electrical  conductiv¬ 
ity  of  Al  compared  to  poly-Si,  the  ratio  of  the  thermocouples 
cross-sectional  area  is  determined  with  respect  to  Eq.  (6).  With 
the  material  properties  given  in  Table  1  an  optimum  ratio 
An/Ap  =  30.5  is  calculated.  Due  to  the  slow  deposition  rate,  a 
poly-Si  layer  thickness  of  700  nm  is  chosen.  As  the  aluminum 
is  deposited  on  top,  a  layer  thickness  of  250  nm  is  necessary  for 
sufficient  step  coverage.  A  poly-Si  leg  width  of  40  pm  and  an  Al 
leg  width  of  5  pm  results  in  a  cross-section  ratio  of  An/Ap  =  22.4, 
which  is  close  to  the  optimum  value.  Each  thermopile  has  a 
length  of  120  pm. 

In  order  to  determine  the  possible  layer  thickness  of  the  insu¬ 
lating  polymer  resist  on  the  front  side  (Module  B)  experiments 
are  carried  out.  Crack  free  layers  of  SU-8-2010  can  be  realized 
up  to  a  thickness  of  20  pm  without  adhesion  problems.  For  the 
fabrication  of  the  cavity  (Module  C),  two  opposing  aspects  have 
to  be  considered:  the  membrane  length  has  to  be  maximized 
while  at  the  same  time  the  mask  opening  has  to  be  minimized 
to  leave  sufficient  footprint  area  for  the  bonding  of  the  second 
wafer.  Therefore,  a  deep  reactive  ion  etching  process  that  yields 
negative  side  walls,  is  developed.  Due  to  backscattering  of  ions, 
over  etching  leads  to  notches  that  further  increase  the  membrane 
length.  A  membrane  length  of  180  |xm  is  achieved  with  a  mask 
opening  of  120  [xm. 

A  2D  model  as  shown  in  Fig.  3  is  used  for  thermal  FEM 
simulations  with  ANSYS.  To  determine  the  performance  bench- 
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Fig.  4.  Microscope  image  of  the  thermocouple  meander  after  Al  wet  etch. 


marks,  a  prototype  generator  with  a  total  number  of  7500 
thermopiles  (120  pm  long)  on  a  chip  size  of  10  mm  x  10  mm 
is  modeled.  The  thermoelectric  material  properties  used  for  the 
simulation  are  given  in  Table  1 .  A  temperature  difference  of  10  K 
across  the  entire  chip  yields  an  open-circuit  voltage  of  7.46  V  and 
a  maximum  output  power  of  36.3  pW.  The  effective  temperature 
difference  between  the  thermocouple  junctions  is  determined 
to  9.37  K.  Furthermore,  the  simulation  allows  to  calculate  the 
thermal  resistance  of  the  device  which  is  1.555  KW-1. 

A  thermoelectric  generator  with  similar  geometric  param¬ 
eters,  but  thermocouples  made  of  p-Bio.5Sb1.5Te3  and 
n-Bio.87Sbo.13,  is  also  investigated  in  the  simulation.  Con¬ 
sidering  the  thermoelectric  material  properties,  the  ratio  of 
cross-sections  is  changed  to  An/Ap  =  0.375  by  adapting  the  ther¬ 
mopile  width  and  height.  All  other  geometric  properties  are 
maintained.  The  effective  temperature  difference  is  9.58  K  with 
10  K  applied  across  the  device.  This  yields  an  open-circuit  volt¬ 
age  of  23.8  V  and  a  maximum  output  power  of  81.4  pW.  The 
thermal  resistance  is  2.127  KW-1  for  this  device.  To  compare 
these  results  with  other  devices,  the  device  power  factors  are 
calculated  according  to  Eq.  (7)  and  are  summarized  in  Table  2. 

4.  Fabrication 

For  the  fabrication  of  the  thermocouple  structures  (Mod¬ 
ule  A),  a  300  pm  thick  4-in.  silicon  wafer  serves  as  substrate. 
Thermal  SiC>2  and  LPCVD  S^NU  (each  300  nm  thick)  are 
subsequently  deposited  onto  the  wafer  for  electrical  insulation 
and  serve  as  supporting  membrane.  In  situ  n-doped  poly-Si  is 
deposited  and  structured  by  dry  etching.  The  remaining  poly-Si 
bars  are  covered  with  a  250  nm  thick  sputtered  Al  layer  that  is 
wet  etched  to  form  the  meandering  thermocouple  structure  (see 


Table  2 

Simulated  performance  benchmarks  of  thermoelectric  generators  with  7500  thermocouples,  120  fxm  long  on  a  chip  with  a  footprint  area  of  100  mm2 


Material  pair 

Temperature 

Open-circuit  voltage/area 

Device  power  factor 

Internal  resistance 

Thermal  resistance 

efficiency  (%) 

(mV  mm-2  K-1) 

(ixWmnT2  K-2) 

(MQ) 

(K/W) 

Al/n-poly-Si 

93.7 

7.46 

3.63  x  10“3 

0.383 

1.555 

p-Bio.5  Sb  1 ,5Te3/n-Bio.87  Sbo.  13 

95.8 

23.8 

8.14  x  lO"3 

1.73 

2.127 

T.  Hues  gen  et  al.  /  Sensors  and  Actuators  A  145-146  (2008)  423-429 


427 


Fig.  5.  Microscope  image  of  the  in-plane  thermocouples  during  the  fabrica¬ 
tion  process.  The  light  areas  indicate  the  starting  layer  for  the  electrochemical 
deposition  of  the  gold  layer  contacting  the  hot  end  of  the  thermocouples. 


Fig.  7.  SEM  image  of  a  cut  through  the  chip  with  a  detail  of  the  thermoelectric 
membrane. 


Fig.  4).  To  establish  the  electrical  contact  between  the  Al  and 
poly-Si,  the  wafer  is  tempered  for  60  min  at  450  °C.  Finally,  the 
thermocouples  are  covered  by  1.2  pirn  PECVD  SiC>2  to  electri¬ 
cally  insulate  the  thermocouples  from  the  electrodeposited  gold 
layer.  The  bond  pads  are  opened  by  dry  etching  to  allow  for  an 
electrical  contact. 

The  fabrication  of  Module  B  starts  with  the  deposition  of 
a  Cr/Au  starting  layer,  20/70  nm  thick,  which  is  subsequently 
structured  by  wet  etching  to  avoid  parasitic  heat  losses  from  con¬ 
duction  through  the  him  (Fig.  5).  An  SU-8-2010  layer  (20  p,m 
thick)  is  spin-coated  on  the  start  layer  and  structured  by  pho¬ 
tolithography.  The  remaining  SU-8  structures  form  trenches 
above  one  thermocouple  junction,  which  are  filled  with  gold 
by  electroplating.  After  Filing  the  trenches,  a  second  Au  layer 
is  deposited  on  the  whole  wafer  and  structured  to  insulate  the 
bond  pads.  This  layer  serves  as  starting  ground  for  the  second 
Au  electroplating  process,  which  forms  the  top  thermal  contact 
pad. 

After  the  electroplating  process,  the  backside  of  the  300  p,m 
thick  Si  wafer  is  structured  in  Module  C.  The  membrane  is 


released  by  a  DRIE  process  in  an  STS-ICP,  to  thermally  insu¬ 
late  the  thermoelectric  structure.  The  DRIE  process  is  operated 
with  increasing  platen  power  to  yield  negative  angle  walls  and 
a  small  contact  line  at  the  thermocouple  junction.  Over  etch¬ 
ing  further  increases  the  membrane  length  as  described  above. 
The  cross-section  of  a  fabricated  generator  chip  is  displayed  in 
Figs.  6  and  7. 

Fig.  8  shows  a  complete  generator  chip  with  the  large  thermal 
contact  area  in  the  middle,  type  number,  and  bond  pads  at  the 
left  and  right  side.  These  bond  pads  not  only  allow  to  harvest  the 
electric  power  from  the  entire  chip,  but  also  serve  for  separate 
measurements  at  each  row  of  thermocouples. 

In  the  first  fabrication  run,  test  structures  are  manufactured 
with  n-poly-Si  and  Al  to  characterize  the  fabrication  procedure 
and  yielded  materials.  In  a  second  run,  the  complete  thermoelec¬ 
tric  generators  are  fabricated. 


Fig.  6.  SEM  image  of  a  cut  through  the  chip. 


Fig.  8.  Photograph  of  a  diced  chip  with  an  area  of  10  mm  x  10  mm. 
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Fig.  9.  Schematic  of  the  measurement  setup  with  a  thermal  network  indicating  the  thermal  contact  resistances  that  consume  approximately  85.7%  of  the  applied 
temperature  difference. 


5.  Device  testing 

Van-der  Pauw  structures  are  used  to  measure  the  electrical 
resistivity  of  the  thermoelectric  active  materials.  In  order  to 
determine  the  Seebeck  coefficient,  membrane-based  test  struc¬ 
tures  are  employed.  The  electrical  resistivity  is  found  to  be 
6.294  zb  0.204  |ul^2  m  for  n-poly-Si  and  0.04303  ±0.111  m 
for  Al.  The  measured  Seebeck  coefficient  of  the  material  pair 
n-poly-Si/Al  is  106.18  ±4.63  jxVK-1.  The  values  for  poly-Si 
are  in  good  agreement  with  the  data  found  in  the  literature  (gate 
poly  CAE:  111.3  ±  1.5  jxVK^  6.61  ±0.17  pT2m)  [15]. 

For  characterization  of  the  generator  devices,  a  measurement 
setup  is  developed,  where  a  temperature  difference  is  applied 
across  the  chip  and  the  resulting  output  voltage  is  measured  (see 
Fig.  9).  After  a  gross  function  test  of  the  fabricated  structures, 
operable  thermoelectric  generators  are  selected  and  mounted  on 
an  aluminum  chuck  using  a  thermal  conductive  sheet.  A  hot 
plate  heats  the  chuck.  The  top  thermal  contact  is  established  via 
a  pressure  contact  between  the  chip  and  a  cover  plate  made 
of  aluminum.  A  commercial  Peltier  cooler  combined  with  a 
CPU  fan  cool  the  cover  plate.  The  temperature  difference  is 
measured  with  PT100  resistors,  which  are  integrated  into  the 
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Fig.  10.  Measured  open-circuit  voltage  of  a  demonstrator  device  with  125 
thermocouples.  The  upper  scale  indicates  the  measured  temperature  difference 
between  the  chuck  and  cover.  The  lower  scale  displays  the  calculated  temperature 
difference  across  the  chip. 


chuck  and  the  cover  plate.  Thus,  the  temperature  difference 
across  the  generator  A7g  is  limited  due  to  the  thermal  con¬ 
tact  resistances  between  the  cover  plate  and  the  generator  Kqc 
and  between  the  chuck  and  the  generator  Khc .  According  to  the 
data  sheet  the  contact  resistance  Kuc  of  the  thermal  conduc¬ 
tive  sheet  is  approximately  0.5KW-1.  Fiterature  data  for  the 
thermal  contact  resistance  of  an  Al/Al  pressure  contact  enable 
a  rough  estimation  for  Kqc  of  approximately  8.8KW-1  [16]. 
As  described  in  the  simulation  section,  the  thermal  resistance  of 
the  generator  Kg  is  1.555  K  W-1 .  Thus,  the  temperature  differ¬ 
ence  across  the  chip  A7g  is  reduced  to  14.3%  of  the  externally 
measured  value  ATMeas- 

Wire  bonding  is  used  to  electrically  connect  the  chips  to 
the  measurement  equipment.  A  Keithley  2700  digital  multime¬ 
ter  with  a  Keithley  7700  multiplexing  card  registers  the  output 
voltage  and  temperature  difference. 

Fig.  10  depicts  the  measured  open-circuit  voltage  of  125  ther¬ 
mocouples  as  a  function  of  the  temperature  difference  across 
the  device.  The  open-circuit  voltage  depends  linearly  with 
9.51  mV  K-1  on  the  temperature  difference  between  the  bottom 
and  the  top  side  of  the  chip. 

The  internal  resistance  of  the  125  thermocouples  under  test 
was  measured  to  84  kQ,  which  would  result  in  5.04  MQ  for  the 
entire  device  with  7500  thermocouples,  compared  to  a  simulated 
value  of  0.383  MQ.  This  difference  results  from  high  contact 
resistances  and  inhomogeneous  Al  layers.  The  Al  layer  of  the 
device  was  slightly  porous  and  showed  over  etchings  (mouse- 
bites)  from  wet  etching  resulting  in  uncertainties  concerning  the 
electrical  resistance  of  the  thermocouple  meander. 

6.  Discussion 

From  the  measured  open-circuit  voltage  a  device  power  fac¬ 
tor  of  1.612  x  10-4  gWmm_2K“2  can  be  extrapolated.  This 
value  is  one  order  of  magnitude  lower  than  the  simulated  value 
of  3.63  x  10-3  |±W  mm-2  K-2.  The  major  source  for  this  devi¬ 
ation  is  the  increased  electrical  resistance  of  the  device  due  to 
problems  in  Al  processing. 

Infineon  has  developed  comparable  thermoelectric  genera¬ 
tors  with  15,782  thermocouples  of  n-  and  p-poly-Si  on  an  area 
of  7  mm2.  These  generators  have  a  high  internal  resistance  of 
2.1  MQ  and  a  power  factor  of  4.26  x  10-4  |±W  mm-2  K-2  [9]. 
Thermoelectric  generators  developed  and  fabricated  by  HSG- 
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IMIT  and  Kundo  deliver  a  power  of  1.5  jjlW  from  a  temperature 
difference  of  10  K  on  a  chip  size  of  16.5  mm2  [8].  Using  these 
data,  a  power  factor  of  9. 1  x  10-4  jxW  mm-2  K-2  is  calculated. 

For  their  thick- film-based  generator  with  a  chip  size  of 
1.12  mm2,  Micropelt  reports  an  output  power  of  0.67  |xW  with 
a  temperature  difference  of  5  K  applied  [4] .  This  gives  a  power 
factor  of  2.4  x  10-2  jjlW  mm-2  K-2. 

The  simulated  power  factors  of  3.63  x  10-3  p,W  mm-2  K-2 
for  the  Al/n-poly-Si  generator  and  8.14  x  1(T3  |jiW  mm-2  K-2 
for  the  BiSbTe-based  generator  exceed  those  of  previously 
presented  thin-film-based  devices.  Yet,  thick- film-based  ther¬ 
moelectric  generators  show  power  factors  that  are  one  order  of 
magnitude  higher.  At  the  current  state  it  is  doubtful  whether 
thin-film-based  devices  can  challenge  the  superior  power  fac¬ 
tors  provided  by  thick-film  devices  due  to  their  inherently  high 
internal  electrical  resistance.  However,  an  output  power  in  the 
p,W  range  is  of  increasing  interest  for  the  supply  of  ultra-low 
power  CMOS  electronics,  which  would  allow  the  combination 
of  [x-TEGs  with  distributed  and  embedded  microsystems. 

Also,  concerning  the  output  voltage  per  area,  thin-film 
devices  with  a  higher  integration  density  are  favorable. 
The  device  presented  in  this  work  theoretically  pro¬ 
duces  an  output  voltage  per  area  of  7.46  mV  mm-2  K-1 
(Al/n-poly-Si)  and  23.8  mV  mm-2  K-1  (BiTe)  compared  to 
0.87546  mV  mm-2  K-1  (calculated  using  data  given  in  [4,6]) 
generated  by  the  Micropelt  device.  This  shows  the  potential  of 
the  proposed  thermoelectric  generator  concept. 

7.  Conclusion 

In  this  work  a  novel  way  of  manufacturing  a  thin-film-based 
thermoelectric  generator  is  proposed.  The  fabrication  process 
is  segmented  into  three  modules.  The  first  module  concerns  the 
thermoelectric  structure,  which  is  deposited  in  thin-film  technol¬ 
ogy.  The  second  and  third  modules  include  the  heat  conductive 
structures  that  are  necessary  to  yield  a  high  in-plane  tempera¬ 
ture  gradient,  while  the  heat  flux  is  perpendicular  (cross-plane) 
through  the  device.  That  way,  the  thermal  contact  areas  are  maxi¬ 
mized  while  at  the  same  time  achieving  a  high  integration  density 
of  thermocouples.  The  modular  approach  allows  to  fabricate 
thermopiles  in  any  material  system,  that  is  compatible  with  sil¬ 
icon  technology.  The  thermoelectric  setup  enables  not  only  the 
power  supply  of  autonomous  devices,  but  can  also  directly  be 
used  as  sensor  for  heat  flux  or  temperature  difference.  In  both 
cases  the  boundary  conditions  must  be  known  and  kept  constant 
for  the  measurement  setup.  Devices  with  thermocouples  made 
of  Al  and  n-doped  poly-silicon,  as  well  as  p-Bio.5Sb1.5Te3  and 
n-Bio.87Sbo.13,  are  modeled.  Simulation  results  indicate  simi¬ 
lar  performance  to  other  existing  thin-film-based  devices.  A 
prototype  generator  is  designed  and  fabricated  using  the  in- 
house  clean-room  facilities.  An  output  voltage  of  9.51  mV  K-1 
is  determined,  proofing  the  feasibility  of  the  concept. 
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